We compare measurements of the roughness of silicon͑001͒ wafers cleaned by several methods. The roughness values were obtained using crystal truncation rod ͑CTR͒ scattering and atomic force microscopy. Although they do not yield identical results, both methods show the same relative roughness for the different cleans. CTR scattering is sensitive to roughness on lateral length scales down to atomic dimensions. The quantitative differences in roughness can be explained by the different wavelength spectrum of roughness probed by the two techniques. CTR measurements were also performed after a 60 Å thermal oxide was grown on the wafers. The roughness trends are the same after oxidation, but we also find that the oxidation process has significantly reduced the interfacial roughness.
I. INTRODUCTION
The roughness of the silicon-SiO 2 interface is of technological importance due to its impact on device characteristics. Ohmi et al. 1 have shown that increased roughness causes both a lower charge-to-breakdown voltage and lower time-dependent dielectric breakdown as well as a decrease in the electron channel mobility. As integrated circuits shrink in size, controlling the roughness of the Si-SiO 2 interface will be crucial for obtaining faster performance and device reliability. Generally, device characteristics such as mobility, charge-to-breakdown and carrier lifetime are affected by roughness on a length scale of less than 1000 Å. 1, 2 In this paper we describe results of a comparison of two techniques which measure roughness on these critical length scales. One technique, atomic force microscopy ͑AFM͒, is widely used to measure surface roughness both in research and in production. Its advantages are that it is capable of sub-angstrom vertical resolution and it produces a real space image of the surface. The other, crystal truncation rod ͑CTR͒ scattering, has only recently been applied to the buried silicon-oxide interface, [3] [4] [5] but has the advantage that it can measure the interfacial roughness nondestructively. We have measured the roughness of wafers terminated by a native oxide using both techniques and found similar although not identical results. As will be discussed in Sec. II the differences in measured roughness between the two techniques can be explained in part by the difference in lateral length scale probed. We have also measured the roughness of these wafers after thermal oxidation using the CTR technique. By comparing these two techniques on the same wafers, we can discuss the CTR results from buried interfaces more confidently.
II. THEORETICAL BASIS
The simplest description of surface or interfacial roughness is the root mean square ͑rms͒ value. This metric is the average of the height-height correlation of the surface over all length scales. Experimentally, the average occurs between the minimum and maximum distance probed by the technique employed to measure the roughness. These distances are different for each technique, hence the measured rms value may vary depending on the overlap between the length scale of the roughness and the spatial limits of the measurements. The lower limit of the lateral roughness measured by scattering is given primarily by the wavelength of the incoming wave field as can be seen by considering the grating equation. 6 The upper limit on the sensitivity of the probe to lateral roughness depends both on the length over which the x rays scatter coherently and the instrument resolution. Rays separated by a distance less than the characteristic length over which the x rays remain coherent will have a welldefined phase relationship, whereas photon wave packets at distances larger than this length will have a random phase relationship. Thus rays separated by less than the scattering length will interfere with each other, whereas outside of that length the x rays only add up as intensities. Hence roughness on length scales larger than this characteristic scattering length will not be observed. The reason the instrumental resolution is important is that scattering, from roughness which cannot be separated from the specular scattering by the instrument, does not contribute to the roughness measured. That is, unless the roughness is seen as a reduction in the specular reflectivity, it cannot be measured. The length over which the x rays scatter coherently is a function of the longitudinal and transverse coherence of the beam and the scattering angle, whereas the instrument function is defined by the incident beam monochromaticity and the slit system used for the experiment. These issues are discussed further with the results and in Appendix B and C. a͒ Electronic mail: bren@slac.stanford.edu
Although the above description of lateral length scale limits was couched in terms of scattering, similar limits exist for AFM. For etched Si AFM tips the minimum lateral dimension that can be resolved is ϳ100 Å due to the diameter of the scanning tip. Note that the sensitivity of the AFM to vertical variations is sub-angstrom. The large length limit for an AFM image is the size of the scan. For a 100-Å-diam tip, several pixels recorded per tip diameter and 512 pixels per line, the image size is ϳ1 m 2 . Larger areas can be scanned with pixel-limited rather than tip-diameter-limited resolution. Although it produces a real-space image of the surface, the image can be analyzed to obtain rms roughness and the height-height correlation function.
A. Crystal truncation rods
CTRs are streaks of scattered x-ray intensity associated with each Bragg reflection. 7, 8 This extra intensity is perpendicular to the surface and arises from the termination of the bulk crystal, with a more abrupt termination resulting in a more intense streak. For an amorphous film on a crystalline substrate, one can explicitly isolate the scattering due to the substrate-film interface by measuring the truncation rod from a reflection whose scattering vector is inclined with respect to the surface normal. If the bulk crystal is covered by a crystalline film then the truncation rods may be modified by scattering from periodicities in the overlayer which have the same direction as the substrate reflection. 9 If the bulk crystal has a reconstructed or relaxed surface, that may also be observable as a change in the shape of the CTR. 10, 11 For an amorphous film resting on a bulk-terminated crystal lattice, the decay of scattered intensity is only due to the roughness at the interface. Given that the Si-SiO 2 interface is well represented as an amorphous film resting on a bulkterminated surface, we can derive the roughness at the crystal-oxide interface by measuring the CTR associated with the ͑202͒ reflection from a Si͑001͒ wafer. The resulting roughness is unaffected by the oxide surface roughness and the Si-SiO 2 interface can be probed directly without removing the oxide layer.
Two theories have been developed to describe the CTR intensity. In the theory for surface scattering by Andrews and Cowley 7 the crystal is described by an infinite lattice multiplied with a shape function. In the case of a perfectly flat crystal the shape function is a Heaviside function. The scattered intensity is accordingly given by the Fourier transform of the electron density, so that for a perfectly flat surface the intensity is:
where 0 is the average electron density of the crystal. q Ќ corresponds to the component of the reduced scattering vector q perpendicular to the surface and q is the momentum transfer relative to the Bragg reflection ͑i.e., Qϭϩq͒. The inverse proportionality of the intensity to the square of the perpendicular scattering vector is well known from the dynamical scattering theory, 12 where the finite size of the crystal is built in and the decay in intensity from the Bragg peak is called the Darwin tails.
Robinson has developed a theory based on the layer summation method, 8 in which the structure factor is summed up for each atomic layer of the crystal. For a simple cubic lattice with a perfectly flat surface perpendicular to the ͓001͔ direction, the intensity is:
where N 1 and N 2 refer to the number of unit cells in the ͓100͔ and ͓010͔ directions. Equation ͑2͒ is identical to the intensity calculated using Andrews and Cowley's approach, which can be seen from the mathematical equality:
Thus, the summation of the intensity from the Bragg peaks of a rod is equal to the periodic expression obtained from the sum of the structure factor for the atomic layers. However, this is only true when the layer summation method is not sensitive to the exact termination of the bulk, i.e., for crystals in which the layer spacing perpendicular to the surface is uniform.
B. Surface roughness
A simple model for a rough surface is one where the distribution of heights above and below some mean value can be described by a Gaussian function. The rms roughness is given by the standard deviation of this distribution of heights. This assumption is appropriate for the case of a randomly rough surface, since the scattering is averaged over a large surface area of random roughness. The electron density in a one-dimensional model with a Gaussian interface can be described via the complementary error function:
where z is along the surface normal and the surface of the crystal is at zϭ0. The electron density of the crystal is then given by the equation above multiplied onto delta functions at the atomic positions of an infinite lattice. The scattered intensity is defined by the square of the Fourier transform of the electron density:
The damping term arising from the Gaussian interface causes a faster decay of the scattered intensity away from the Bragg reflection. Due to this exponential reduction of the scattered intensity as a function of the out-of-plane momentum transfer away from the Bragg reflection, the intensity from higher order rods can be ignored and the intensity written as:
where q Ќ and refers to the closest Bragg peak. A comparison of the calculated intensity from the sum over all Bragg peaks and the intensity from the nearest Bragg peak show that as the roughness increases the difference between the two methods is minimized. For as little as 0.5 Å roughness the difference between the methods is less than 1% a full reciprocal lattice unit away from the reflection. Thus, diffraction data obtained from the crystals described in this work are better described by a 1/q Ќ 2 dependence than a 1/sin 2 (aq Ќ ) dependence.
C. Roughness texture
The theory developed to describe the CTR intensity and its dependence on roughness does not distinguish between different rods ͑e.g., 20L, 31L, etc.͒. 7 Clearly both the direction and the length of the scattering vector differ for each rod, so one might expect that the CTR is coupling into roughness in a particular direction due to its in-plane component. Although the measurements reported here do not show any periodic roughness, in order to explore this hypothesis it is convenient to consider a one-dimensional roughness with a single periodicity of wavelength 2⌳. The scattered intensity from such a structure is derived in Appendix A and is shown to be:
͑7͒
where f 0 is the atomic form factor, 2⌳ is the period of the grating and T is the step height. h, k and l correspond to the crystallographic axes of the simple cubic lattice, N 2 and N 3 are the number of atoms in the k and l direction, respectively, whereas M is the number of grating periods on the crystal. The last three factors in the equation above correspond to the standard Laue terms resulting from adding up the scattering from a perfect crystal, except that in the h direction the scattering is only summed up over the number of atoms in a single terrace (⌳) instead of the full crystal length. Consequently, the decay of the scattering in the h direction is slower, i.e., the diffraction condition has been relaxed. The second factor in the equation, in which the scattering from the periodicity of the terraces is taken into account, causes a sharp decay of the scattering in the h direction but allows scattering to occur with a periodicity of 1/⌳ in reciprocal space. These subsidiary maxima will appear close to the Bragg peak where the product of the first two sine terms is nonzero. These subsidiary maxima have been observed by Shen et al. 14 quite clearly for a two-dimensional grating etched into silicon. In the l direction the intensity falls off as 1/q 2 away from the Bragg reflection due to the presence of the surface. This is the CTR scattering. The cosine term results in a faster decay of intensity caused by roughness of the surface ͑the grating͒, with taller steps causing the intensity to decay more quickly. It affects each of the subsidiary maxima in the same way.
What is evident from the above model is that every CTR, independent of its in-plane component, has the same decay in the l direction. An ordered roughness in a particular direction along the surface results in additional scattering visible as side-lobes on either side of the Bragg peak ͑in the direction of the ordering͒. Thus, a periodic roughness can be seen as additional scattering at the in-plane momentum transfer of that periodicity or an allowed reflection plus that periodicity. For a range of roughness periodicities on the surface, scattering will occur over an equivalent range in reciprocal space. Thus, for a range of periodicities out to the sample size, the intensity will fill in between the subsidiary maxima. This is the diffuse scattering observed around each Bragg peak, including the 000 peak. Note that this diffuse scattering is observable as an increase in intensity in the h and k directions and a faster decay in the l direction. Interfacial roughness does not affect the peak scattered intensity from a Bragg peak, only the decay rate of that intensity in a direction perpendicular to the surface. As discussed above, a perfectly flat interface will result in a decay in the CTR intensity, which is inversely proportional to the square of the scattering vector away from the Bragg reflection. The scattering from a rough surface results in diffuse scattering and hence a decrease in the CTR intensity. The width of the crystal truncation rod parallel to the surface is affected by diffuse scattering, with scattering from long wavelength roughness visible close to the h,kϭinteger values, and scattering from short wavelength roughness located further from the CTR. Whether one can observe a particular wavelength of roughness on the surface depends on the scattering resolution employed. The poorer the instrumental resolution, the more the long wavelength diffuse scattering will be incorporated into the main CTR scattering, making it unresolvable.
III. EXPERIMENT
The wafers used for this experiment were p-type, 6 in. epitaxial ͑001͒ silicon. They were cleaned by an HF dip and cold water rinse, followed by three variations of an RCA clean 15 to achieve different levels of surface roughness. Wafer set A was given a standard RCA clean, consisting of an SC1 bath ͑5:1:1 H 2 O:NH 4 OH:H 2 O 2 ), rinse, SC2 bath ͑5:1:1 H 2 O:HCl:H 2 O 2 ), rinse and spin dry. Wafer set B had a 50% reduction in the ammonium hydroxide ͑NH 4 OH͒ in the SC1 bath, and Wafer set C was given a hot water rinse in place of the SC1 treatment. In the SC1 bath, a protective oxide is formed by the H 2 O 2 which inhibits roughening of the surface. The lack of this oxide for wafers in set C allowed some etching of the surface in the hot water, creating the roughest of the three surfaces. Sets B and C had the same SC2 clean, rinse and spin dry as set A. Furnace oxidation was carried out at 800°C, and followed by a 925°C N 2 O anneal. Final thickness for the oxides was 60 Å as determined by ellipsometry.
AFM measurements were made on wafers without a thermal oxide. We note however, that the nominally bare wafers had a thin native oxide on the surface. The measure-ments were carried out in air using a Digital Instruments Nanoscope III operating in Tapping Mode. Images were acquired on 1ϫ1 m areas having 512ϫ512 data points. After correcting for artifacts in the piezoelectric scanner, the rms roughness was calculated for each image.
X-ray scattering experiments were performed using a four-circle diffractometer on beam line 10-2 at the Stanford Synchrotron Radiation Laboratory with 10 keV photons selected by a double crystal Si͑111͒ monochromator. The wafers were contained in helium to reduce air scattering. The integrated intensity of the rods was measured directly by using ⌰ scans and slits as suggested by Specht and Walker. 16 This data collection scheme has a large acceptance in the scattering plane which ensures that the scattering from the whole width of the rod is collected at each l value. The data were corrected for background, the Lorentz factor, the change in atomic form factor as a function of the magnitude of the scattering vector, the area of the sample illuminated by the beam and the Debye-Waller factor. Data were collected from ͑2,0,1.5͒ to ͑2,0,2.5͒ for all wafers and from ͑3,1,0.65͒ to ͑3,1,1.4͒ for the thermally oxidized wafer treated with the full ammonia concentration.
IV. RESULTS
The AFM images show no ordered features, so the height distributions were extracted from the images and are shown in Figure 1 . The top of the figure shows the normalized height distributions for the three native oxide wafers and a pure Gaussian fit through each. The Gaussian fit is very good for all three, indicating that our use of a Gaussian fit to the x-ray scattering data ͑below͒ is appropriate. The lower part of Figure 1 shows the three data sets plotted on the same scale. The native oxide wafers from sets A & B, treated with the SC1 bath, are indistinguishable, whereas the distribution of heights from the native oxide of wafer set C ͑hot water treatment͒ is clearly broader. The rms roughness derived from these data are 0.9 Å for the SC1-treated wafers and 2.7 Å for the wafer treated with hot water, as shown in Table I . It should be pointed out that the inherent noise level of the AFM is ϳ0.3 Å.
Crystal truncation rod intensities for the ͑202͒ reflection are shown for wafer set A in Figure 2 . The thermal oxide is plotted as o's and the native oxide as ϩ's. The fall-off in intensity for the wafer terminated by a thermal oxide is clearly slower than the fall-off for the native oxide. Without further analysis we can conclude that the growth of a thermal oxide smoothens the interface. This has previously been observed for thermally grown oxides on Si͑001͒, 5, 17 but these measurements show that significant smoothing has occurred even for as little as 60 Å of thermal oxidation. The data from below and above the Bragg reflection were fitted simultaneously to a 1/q Ќ 2 dependence as given by Equation ͑6͒. The interface width is assumed to be Gaussian shaped, as confirmed by the AFM images. We obtain an rms roughness of 2.0 Å for the thermal oxide sample and 2.4 Å for the native oxide sample. Error bars on the rms value of the x-ray scattering measurements are estimated to be Ϯ0.1 Å.
In Figure 3 the CTR's of all three sets are shown for the wafers containing a 60 Å thermally grown oxide. The best fit to both sides of the ͑202͒ Bragg reflection is shown as solid lines. The wafer from set C has an rms roughness of 2.7 Å, whereas the wafers from sets A & B both yield an rms value of 2.0 Å. The roughness values extracted from the CTR measurements for both the native and thermal oxide samples are also listed in Table I . The roughnesses obtained using CTR scattering are in the range 2.3-3.2 Å for the native oxide wafers and 2.0-2.7 Å for the wafers termi- nated by a thermal oxide. Interfacial smoothing due to thermal oxidation is seen for all three wafer sets. As confirmation of the theoretical prediction described above, that the roughness should be independent of the reflection, the ͑311͒ rod was measured for the thermal oxide from wafer set A. The rms roughness for this wafer is 2.1 Å. Within the accuracy of our measurements, these values are the same.
Comparison of the two techniques shows an overall agreement in the relative roughness, i.e., that the wafer exposed to hot water has a considerably higher roughness than those treated with the SC1 bath. However, the absolute roughness values are significantly different between the two techniques. There are at least two reasons why this might occur. The first is that the AFM measurement measures the roughness of the top surface of the native oxide, whereas the CTR scattering measures the roughness of the interface between the bulk silicon and the native oxide. Thus the consistency of the AFM and x-ray scattering results depends on the native oxide exhibiting the same morphology at its two surfaces, i.e., the native oxide has a uniform layer thickness. The native oxide can be quite thin (Ͻ10 Å͒, but may be sufficient to result in some smoothing. However, using ultrahigh-vacuum-scanning tunneling microscopy ͑UHV-STM͒ and AFM other groups have reported that the surface morphology of the native oxide resembles that of the clean silicon surface 18 and the steps at the silicon surface are visible on the oxide surface as well. 19 This suggests that the native oxide is conformal and that an AFM measurement of the top surface should be a good representation of the interface.
The second factor which could cause the discrepancy between the two measurements is the difference in length scales to which the two techniques are sensitive. As discussed above, for the AFM measurement the length scale ranges from ϳ1m down to ϳ100 Å. The in-plane length scale over which the CTR measurement is sensitive depends both on the specifics of the instrument resolution and the length over which the x rays scatter coherently. Scattering from roughness with a long in-plane correlation will appear close to the rod. If the instrument function cannot resolve this scattering, it will appear as part of the CTR. Thus, roughness with an in-plane correlation larger than that resolvable by the instrument resolution will not contribute to the rms roughness measured. The coherence of the beam also puts an upper limit on the lateral roughness sensitivity, since scattering from the parts of the surface which are spatially further apart than the in-plane coherence will add up as intensities rather than as phases. Any information about roughness correlations is thereby lost.
The coherence of the beam and the contributions from the longitudinal ͑temporal͒ and transverse coherence to length over which the x rays scatter coherently are explained in detail in Appendix B. In crystal truncation rod scattering only the top atomic layers contribute to the scattering far away from the Bragg reflection, therefore the characteristic length over which the x rays remain coherent is only a function of the transverse coherence of the beam in the direction of the scattering plane. For this experiment, the lateral coherent scattering length is ϳ15.5 m for the CTR associated with the ͑202͒ reflection, whereas it is ϳ13 m for the ͑311͒ CTR.
The instrument function and its dependence on the divergence of the beam, the angular acceptance of the detector and the spectrum of wavelengths passed by the monochromator, is discussed in Appendix C. Intersection of the instrument function with the CTR determines the resolution of the experiment. Crystal truncation rods are by definition always perpendicular to the surface of the crystal, whereas the volume of allowed scattering vectors is inclined with respect to the rods due to the angular acceptance of the slits. A projection of the instrument function onto the surface of the sample gives the in-plane resolution of the experiment. Assuming randomly distributed roughness, the minimum radial distance of the projected resolution function is inversely proportional to the upper limit of roughness measured. As different l val- ues of the rods are measured the intersection between the resolution function and the CTR changes, hence the wavelength of roughness incorporated into the CTR is varied. In our case, the high limit of the ͑202͒ rod varies from 4600 Å at 2,0,1.5 to 2600 Å at 2,0,2.5 and the ͑311͒ rod has a high limit range of 9300-4600 Å. The sensitivity to lateral roughness of the instrument function is considerably smaller than that of the lateral coherent scattering length, thus, the upper limit of roughness measured by CTR scattering ͑using our experimental setup͒ is given by the in-plane instrument resolution of the rods associated with the ͑202͒ and ͑311͒ reflection. That is, the roughness length scale ranges from ϳ0.5 m down to ϳ1.2 Å for the CTR measurements. For wafers with roughness on length scales greater than a few thousand angströms one would expect to observe different rod intensities above and below the Bragg peak as well as differences in the rms roughness extracted from the ͑202͒ and ͑311͒ rod, but that is not seen in these samples.
The length scale of these CTR measurements, ranging from the incident wavelength (ϳ1.2 Å͒ up to 1/2 m, includes the length scales probed by the AFM measurements and significantly shorter wavelengths as well. Our measurements are consistent with a surface on which the roughness is predominantly at short length scales, perhaps even atomic length scales. In this case the AFM measurements would show a lower roughness than the CTR measurements, as we observe. Our conclusion that the interfacial roughness is predominantly short range is supported by Evans-Lutterodt et al., 20 who were unable to resolve long wavelength roughness even with the use of a diffracted beam monochromator.
The in-plane length scale of the roughness measured by AFM can be extracted from the images. A measure of the height difference between two points on the surface separated by a distance r can be defined as 21, 22 g͑r͒ϭ͓͗z͑r͒Ϫz͑0 ͔͒ 2 
͘, ͑8͒
where z(r) is the surface height at r. The average is taken over all pairs of points on the surface separated by a distance r. For separations below which the surface is flat g(r) is zero ͓and g(r)ϭ0 at rϭ0͔. At the largest separation in the measurement g(r)ϭ2 2 , where is the rms roughness of the surface. The radial separations at which the transition between zero and 2 2 occurs correspond to the correlation lengths of the roughness. g(r) is shown in Figure 4 for the wafer treated with the full concentration of ammonium hydroxide ͑wafer set A͒ and terminated by a native oxide. At length scales larger than 200 Å the curve is essentially flat, thus showing that the majority of the roughness measured by AFM occurs at length scales below 200 Å. The rising slope of g(r) at short r's suggests that the wafer is rough at wavelengths below the diameter of the tip. At length scales shorter than the tip diameter ͑100 Å͒ the measured roughness includes contributions from the tip shape, which tend to represent the surface as smoother than it actually is. The AFM results suggest that a large part of the surface roughness is occurring at in-plane separations which are similar in size or smaller than the tip diameter. This tends to reinforce the conclusion that the difference in surface roughness measured by AFM and CTR scattering is due to the shorter minimum lateral correlation length of the x-ray technique.
V. CONCLUSIONS
AFM and CTR scattering give a consistent picture of the relative roughness of the wafers, although the absolute numbers do not agree. The deviations in the absolute values can be explained by the difference in lateral roughness scale that the two techniques measure. Because the difference in lateral length scale between the two techniques is predominantly at the short wavelength end, this indicates that it is at wavelengths below ϳ100 Å that the increased roughness observed by the x rays is found. As discussed in the Introduction, many device characteristics are most sensitive to these relatively short wavelengths. We have shown that an ordered roughness does not have a different effect on different truncation rods, but that the maximum length scale to which CTRs are sensitive does depend on the instrument function being employed. The results from both AFM and CTR techniques show that both concentrations of ammonium hydroxide result in the same roughness and that either concentration of ammonium hydroxide results in a smoother interface than that of the wafer processed with hot water. The x-ray scattering results also show a smoothing of the interface as a result of the oxidation process even for as little as 60 Å of thermal oxidation. 
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APPENDIX A: SCATTERING FROM A GRATING
The scattered intensity is given by the square of the structure factor F. F can be determined by summing up the form factor f 0 over all atoms in the crystal. For a perfect cubic crystal with N 1 , N 2 and N 3 atoms in the ͓100͔, ͓010͔ and ͓001͔ direction, respectively, the structure factor is 23 Fϭ f 0 ͚ ͪ , ͑A1͒
where q 1 , q 2 and q 3 are the projections of the scattering vector Q onto the three cubic axes. The cube described above can be thought of as consisting of planes of atoms separated by a distance a. In the ͓100͔ direction, the structure factor for the planes perpendicular to that direction would be:
ͪ .
͑A2͒
A grating can be created by moving every other ⌳ planes by an amount T in the ͓001͔ direction. The resulting crystal has a grating on the ͑001͒ surface with a periodicity of 2⌳. This regular set of translations is mirrored on the bottom of the crystal. However, for a thick crystal this has no influence on the resulting scattered intensity, and makes the mathematics more clear. A sum over the planes in the ͓100͔ direction can be separated into three parts. First a sum over the ⌳ planes on a terrace: ͚ j 4 ϭ0 ⌳Ϫ1 e iq 1 a j 4 . Adding up the structure factor for the terrace next to that one can be done by multiplying by a translation vector from one terrace to the next e i(q 1 a⌳Ϫq 3 aT) onto the previous sum. A sum over the periods M of the grating is given by ͚ j 1 ϭ0 M Ϫ1 e iq 1 a2⌳ j 1 . Therefore, the stacking of planes in the ͓100͔ direction in a grating with M periods yields the structure factor ͪ .
͑A4͒
The first sum corresponds to summing up over the atoms of one period ͑2⌳). The displacement from one step to the next is represented as the phase change given inside the parenthesis in the exponent. The second sum is a sum over all the steps of the crystal. As recast, it is clearer to see that the (1ϩe i ) term looks like a basis of two objects with a phase relationship. The complete structure factor of the crystal is thus: ͪ .
͑A5͒
The scattered intensity is given by the square of the structure factor:
Replacing the scattering vector representation with it's reciprocal space equivalent (q 1 aϭ2h, q 2 aϭ2k, q 3 aϭ2l) yields:
APPENDIX B: COHERENCE
In a sufficiently small volume of the sample the photon wave packets maintain a phase relationship so that they are added up in phase. Within this volume the x rays scatter coherently. At larger distances the x rays no longer interfere and thus add up as intensities. Therefore, information cannot be obtained about any correlations within the sample at distances larger than this characteristic length ⌳ coherent , where the x rays scatter coherently. The coherence of the beam can be separated into two parts: longitudinal and transverse coherence.
Longitudinal coherence of x rays, also called temporal coherence, is the distance in the propagation direction of the x rays over which the x rays maintain coherence. This characteristic length is a function of the wavelength spread ⌬ of the beam and defined as:
, ͑B1͒
where is the average wavelength of the x rays. For an energy spread of 7.2 eV ͑see Appendix C͒ for 10 keV photons the temporal coherence is 860 Å. The coherence of the beam in the direction perpendicular to the propagation direction of the beam depends on the source size and the distance to the source. This transverse coherence defines an area over which all the rays effectively originate from a point source and thus maintain a phase relationship. The transverse coherence can be characterized as an opening angle transverse which is determined by the source size d and the wavelength :
. ͑B2͒
At a distance R away from the source the transverse coherence length is ͑for small angles͒:
For a noncircular source the transverse coherence of the beam becomes anisotropic. At beamline 10-2 the diffractometer is 25.4 m away from the ϳ100 m ͑vertical͒ by ϳ3 mm ͑horizontal͒ source, yielding a transverse coherence length of 5.0 m in the vertical direction and 0.25 m in the horizontal direction. Since we are scattering in the vertical plane it is the vertical transverse coherence length of 5.0 m which is important.
The length on the surface over which the x rays scatter coherently is only a function of the transverse coherence when the path length of all the scattered photons is constant, whereas the temporal coherence becomes important when a path difference is present. In reflectivity the path length of all the reflected x rays is constant. In this case it is only the transverse coherence length which defines the sensitivity limit. The length in the sample over which the x rays scatter coherently is then given by the projection of the transverse coherence onto the plane of reflection. For a scattering angle :
In Bragg scattering or in the case of reflectometry from multiple interfaces, the photons collected by the detector have experienced different path lengths and thus the temporal coherence of the beam is important. In backscattering geometry the length in the sample over which the x rays scatter coherently depends only on the temporal coherence. The path difference between rays diffracted from two planes separated by the distance a is given by twice that distance, i.e.. 2a. Thus, ⌳ coherent in backscattering is half that of the temporal coherence length. In the more general case, the characteristic length in the direction perpendicular to the diffraction planes over which the x rays scatter coherently is for a diffraction angle given by:
Note that in Bragg scattering, the longitudinal coherence only influences the length over which the x rays scatter coherently in the direction of the scattering vector, whereas the in-plane direction is only affected by the transverse coherence of the beam. In the case of crystal truncation rod scattering, scattering of x rays occurs from the outermost atomic planes of the crystal. Therefore, there is essentially no path difference between the rays, so that ⌳ coherent is dominated by the transverse coherence of the beam. This might seem counterintuitive since CTR scattering is Bragg scattering. However, it is the tails far away from the Bragg peak which are being probed and thus only very few atomic layers contribute to the diffraction. This can be seen in kinematical diffraction theory where the intensity is a function of the planes N over which scattering occurs:
The penetration depth can be derived and yields:
which essentially is the Sherrer equation. A decrease in the number of planes from which scattering occurs results in a broader diffraction peak due to a relaxation of the diffraction condition. Thus by probing a broad rocking curve as in the case of crystal truncation rod scattering, only the top few planes contribute to the signal. For instance, the change in between the ͑2,0,1.5͒ and ͑2,0,2.5͒ reflections is ϳ5°which results in a penetration depth of ϳ15 Å. This limited penetration depth justifies the use of the transverse rather than the longitudinal coherence length. For a 5.0 m transverse coherence length the in-plane coherence length for the rod associated with the ͑202͒ reflection is ϳ15.5 m using Eq. ͑B4͒. For the ͑311͒ rod the lateral coherence length is ϳ13 m.
APPENDIX C: INSTRUMENT RESOLUTION
The instrument resolution corresponds to the volume of reciprocal space probed by the detector without moving the sample or detector. It is a function of the divergence of the incident beam, the angular acceptance of the detector slits and the spectrum of wavelengths passed by the monochromator. The instrument function is convolved onto the intrinsic features of the scattering in reciprocal space, thus smearing out those features and reducing the resolution of the experiment.
The initial divergence of the beam on beamline 10-2 is defined upstream of the mirror by slits. Reflection off the focusing mirror causes the horizontal divergence of the beam to couple into the vertical divergence. 24 For a slit acceptance of 128 rad vertical and 1.0 mrad horizontal, focusing using a 3.6 mrad angle of incidence bent cylindrical mirror results in a vertical divergence of 145 rad. The horizontal divergence remains 1 mrad. This beam divergence corresponds to a cone segment of wave vectors k i incident on the sample.
The beam footprint on the sample and slits positioned immediately in front of the detector define the angular acceptance of the detector. In this experiment the angular acceptance of the detector was 8 mrad in the scattering plane and 2 mrad perpendicular to the scattering plane. Hence the slit size allows for a cone of outgoing wave vectors k o from the sample.
The energy resolution of a beam of photons from a synchrotron source is determined by a convolution of the Dar-win width of the monochromator and the vertical divergence of the beam. The Darwin width, which is the intrinsic width of a Bragg reflection, is 26.8 rad at 10 keV for a Si͑111͒ reflection. Since the vertical divergence ͑145 rad͒ is significantly larger, the Darwin width can be neglected when estimating the energy spread of the beam passed through the monochromator. The energy resolution of the Si͑111͒ double monochromator is given by:
Thus, for a Bragg angle of (ϭ11.4°) and 145 rad vertical beam divergence the energy resolution is 7.2 eV. The energy spread of photons also corresponds to a range of allowed wave vectors. However, a variation in incident wavelength only changes the length of the wave vector and not its direction.
The scattering vector Q is given by the sum of the incident k i and outgoing wave vector k o at the sample. Due to the range of allowed incident and outgoing wave vectors, there exists a range of scattering vectors. This volume of allowed scattering vectors in reciprocal space is the instrument function.
In our experimental setup the spread of incident wave vectors is small compared to the angular acceptance of the detector, so as a first order approximation the incident beam can be treated as a plane wave. The rectangular cone of outgoing wave vectors k o due to the angular detector acceptance can be represented as a plane of allowed scattering vectors at some distance from the sample. This plane is inclined with respect to the sample surface normal by an angle ␥. It can be seen geometrically that this angle is related to the diffractometer angles and 25 by: sin ␥ϭsin sin , ͑C2͒
i.e., the angle ␥ is equal to the incident angle ␣ and take-off angle ␤ of the beam on the sample ͑in ϭ0 mode 25 ͒. The range of lengths of the allowed scattering vectors ⌬Q corresponds to the energy bandwidth, i.e., ⌬QϭϪ 4 sin
This causes the plane of allowed scattering vectors to be extended in the direction of the scattering vector to form a parallelepiped in reciprocal space. The angle between the plane of scattering vectors and the extension along the scattering vector due to the energy bandwidth is equal to .
Because the CTRs are parallel to the surface normal, the angle between the CTRs and the plane of allowed scattering vectors is also equal to ␥. The out-of-plane component of the scattering vector Q Ќ is given by:
where ␣ is the angle of incidence on the sample. Since ␣ ϭ␥, the angle between the resolution function and any rod depends only on the l component of the rod, i.e., the resolution function is the same for the ͑2,0,1.5͒ and the ͑3,1,1.5͒ positions.
In order to evaluate the in-plane resolution one needs to convert the instrument function from the coordinate system of the diffractometer to the coordinate system of the crystal. A horizontal acceptance a and vertical acceptance b of the detector can be related to the right handed coordinate system of the scattering plane (zЈ: direction of the scattering vector, xЈ: direction perpendicular to the scattering plane, yЈ: in the scattering plane perpendicular to both xЈ and zЈ) by: The spread in wavelength of the beam corresponds to an additional spread in the zЈ direction. A rotation of about the yЈ axis transforms the instrument function onto a coordinate system which is aligned with respect to the surface of the sample (z: direction along surface normal, x: direction in the surface of the sample perpendicular to the scattering direction, y: direction in the surface along the scattering direction͒: In CTR scattering the intensity of the Bragg tails is probed in the direction perpendicular to the surface. Intersection of the instrument function with the rod determines the resolution of the experiment. As shown in Appendix A, scattering from roughness with a long in-plane correlation length appears close to the rod, whereas roughness with a short range correlation length results in scattered intensity further away from the rod. A projection of the instrument function onto the surface of the sample gives the in-plane resolution of the experiment. Scattering from roughness with a sufficiently large in-plane correlation length will be collected by the detector simultaneously with the CTR. Therefore it cannot be distinguished from the CTR scattering. The technique is thus not sensitive to roughness with an in-plane correlation length which will give rise to scattering close enough to the rod that it cannot be resolved by the instrument function. Assuming nondirectional roughness, scattering from roughness of the same correlation length will appear at a distinct radius away from the center of the rod. Thus, the minimum radial distance of the projected resolution function is inversely proportional to the upper limit of roughness measured. This minimum radius is given in inverse angstrom by R min ϭ sin ͑a sin ϩ͑/2 ͒ ⌬Q cos ͒ ͱsin 2 ϩcos 2 cos 2 , ͑C7͒
thus the maximum lateral roughness correlation at which the measurement is sensitive is given as the inverse:
⌳ max ϭ 2 R min ϭ 2ͱsin 2 ϩcos 2 cos 2 sin ͑a sin ϩ ͑ /2 ͒ ⌬Q cos ͒ .
͑C8͒
The smallest wavelength of roughness indistinguishable from the CTR varies depending on the specific rod that is measured. In our case, this wavelength of the ͑202͒ rod varies from 4600 Å at ͑2,0,1.5͒ to 2600 Å at ͑2,0,2.5͒; for the ͑311͒ rod this wavelength ranges from 9300 to 4600 Å.
